Objective: A number of factors can influence the reported outcomes of transsphenoidal surgery (TSS) for Cushing's diseaseincluding different remission and recurrence criteria, for which there is no consensus. Therefore, a comparative analysis of the best treatment options and patient management strategies is difficult. In this review, we investigated the clinical outcomes of initial TSS in patients with Cushing's disease based on definitions of and assessments for remission and recurrence. Methods: We systematically searched PubMed and identified 44 studies with clear definitions of remission and recurrence. When data were available, additional analyses by time of remission, tumor size, duration of follow-up, surgical experience, year of study publication and adverse events related to surgery were performed. Results: Data from a total of 6400 patients who received microscopic TSS were extracted and analyzed. A variety of definitions of remission and recurrence of Cushing's disease after initial microscopic TSS was used, giving broad ranges of remission (42.0-96.6%; median, 77.9%) and recurrence (0-47.4%; median, 11.5%). Better remission and recurrence outcomes were achieved for microadenomas vs macroadenomas; however, no correlations were found with other parameters, other than improved safety with longer surgical experience.
Introduction
Cushing's disease is the consequence of chronic hypercortisolism caused by an adrenocorticotropic hormone (ACTH)-secreting pituitary corticotroph adenoma (1) , and is the most common cause of endogenous Cushing's syndrome. As such, Cushing's disease accounts for 70% of cases of Cushing's syndrome (2) , with an annual incidence estimated at 1.2-1.7/million, and a prevalence of 39-940/million (3, 4, 5) . The clinical consequences of Cushing's disease are severe (6, 7) . An increased cardiovascular risk and metabolic syndrome have been associated with Cushing's disease; this increased cardiovascular risk may already manifest in early-stage disease, before clinical symptoms become apparent (8, 9, 10) . In addition, residual increased risk of cardiovascular events has been also reported in patients who have achieved disease control (11) . Furthermore, Cushing's disease is associated with excess mortality, reported to be double that of the general population; however, the mortality rate in patients with Cushing's disease who are in remission following treatment tends to be lower than in those who are not in remission (12) .
Treatment of Cushing's disease aims to provide remission of disease and long-term control without recurrence (6) . The first-line therapy for Cushing's disease is transsphenoidal surgery (TSS) to remove the tumor (6); microscopic TSS (the conventional intervention) or endoscopic TSS may be used. However, remission and recurrence rates after initial TSS in patients with Cushing's disease have been reported to vary greatly (13) , while high remission rates have been reported for endoscopic TSS (14) .
A number of factors may influence TSS outcomes, including size of the adenoma, dural invasion, localization on pre-operative imaging, intra-operative tumor visualization, pre-operative ACTH level, urinary free cortisol (UFC) levels, and histological confirmation of corticotroph adenomas. Higher remission rates are generally reported in patients with discrete, easily operated tumors, with improved outcomes achieved with microadenomas vs macroadenomas (6, 13, 15, 16, 17, 18) and with adenomas identified at surgery or by radiology or histopathology vs no adenomas identified (19, 20) . Other factors suggested to increase the success of initial TSS include extensive surgical experience and younger patient age (!25 years) (6) . However, even in the most favorable circumstances, 5-and 10-year recurrence rates after initial TSS are up to 10 and 20% respectively (6) . In cases in which initial TSS has failed, repeat surgery, radiotherapy, bilateral adrenalectomy, and increasingly medical therapy are options (6) .
Although hypocortisolism after TSS has been shown to be a reliable prognostic factor for success of surgery (21, 22, 23) , indicating remission and a lower risk of recurrence, there is currently no consensus on predictors of these outcomes. The broad range of remission and recurrence rates reported in the literature may be due to different remission and recurrence criteria used in the studies. In addition, as there is no agreement on the definitions of these outcomes, the comparative evaluation of treatment options and patient management strategies from clinical studies is rather complicated. Remission can be defined by clinical and/or biochemical outcomes, including the reversal of clinical features and normalization of biochemical changes. Although several biochemical tests are widely used for the initial diagnosis of Cushing's disease, none is fully able to distinguish all cases in normal and/or obese individuals (24) . While morning serum cortisol and UFC tests may be recommended to assess remission (6), there is no general agreement on their standard use in providing markers of treatment outcomes, further complicating patient management.
We conducted a systematic review of the literature to investigate clinical outcomes in patients with Cushing's disease undergoing initial microscopic TSS, with a focus on the influence of definitions and assessments of remission and recurrence.
Subjects and methods
An initial PubMed search was conducted to identify published articles reporting studies of TSS in patients with Cushing's disease using the following keywords: 'transsphenoidal AND surgery AND Cushing's AND disease'. There were no restrictions on publication period or language, and review articles identified in the initial search were examined for additional references not identified in PubMed. The literature search was stopped in November 2012.
Studies identified in the initial search were then screened for inclusion in the systematic review. To select the most robust studies, we included those conducted in at least 40 adult patients that reported the results of initial TSS (regardless of the technique used, i.e., microscopy or endoscopy) and were published in English. Studies identified in the initial search as conducted in patients undergoing repeat TSS (i.e. after failure of initial surgery) were excluded.
Data collection
For the quantitative synthesis, data were extracted from the studies using only microscopic TSS; data extraction was performed independently (Agnieszka Rarok and Sandrine Buisson, see 'Acknowledgements' section). The principal summary measures used for the quantitative synthesis were biochemical, clinical, and both biochemical and clinical definitions of remission and recurrence, as used in the studies included in the systematic review. For the biochemical definitions, these included measures of serum cortisol level (morning and midnight assessments), UFC, and response to low-dose dexamethasone suppression test (LDDST).
For the quantitative analysis, we extracted the percentage of patients in remission and the percentage of patients with recurrence from each study, and we report here the ranges of the remission and recurrence rates thus obtained. We then extracted and pooled the total number of patients included in the final analysis in each study, the numbers of patients in remission to calculate the overall remission rate, and the numbers of patients with recurrence to calculate the overall recurrence rate. If rates for both early and late remission or for multiple years were reported, then the initial remission rate was used in the overall analysis. Studies in which only remission rates by microadenoma and macroadenoma were reported were not included in the overall analysis, but were used in the analyses of outcome by tumor size (see below). For both remission and recurrence, mean rates and associated 95% CIs are presented for comparison between the different types of biochemical assays used in the studies included in this analysis.
In order to provide more comprehensive information, additional data comparisons applying Wilcoxon's test were conducted as follows: time of remission, early (%6 months) vs late (O6 months) remission; size of tumor, microadenoma vs macroadenoma; duration of follow-up (categories from 0-12 to 169-180 months); surgical experience at operating center (number of patients operated per year; categories 0-5 to 31-35 patients/year) measured by number of patients in the study divided by study period (estimated number of years' study duration); and year of study publication (categories from 1980 -1990 to 2011 -19th October 2012 . Possible correlations of interest were tested using linear regression methods and correlation analysis (Spearman), as appropriate.
Results

Literature search results
A total of 491 publications were identified in the initial search, of which 43 fulfilled the pre-selected inclusion criteria. Of these, 30 were published in endocrinology journals and 13 in journals focused on neurosurgery. Figure 1 summarizes the studies identified, screened, and eligible for inclusion. Interestingly, only one publication reported outcomes of endoscopic TSS in patients with Cushing's disease. Table 1 summarizes the studies included in the quantitative data synthesis and provides the key data extracted from all studies reporting the outcomes of microscopic TSS in patients with Cushing's disease. A total of 6400 patients were treated in these studies.
Remission rates
A variety of definitions of remission of Cushing's disease after initial microscopic TSS is used in the literature: symptoms of hypercortisolism remitted (25) , a continuous need for corticosteroid replacement for O6 months after TSS (26) , no need for additional treatment because of clinical remission of the disease (27) , resolution of symptoms and signs of hypercortisolism (28) or of clinical features (16, 19) , clinical evidence of eucortisolemia (23) , appearance of clinical signs of adrenal insufficiency (29) , regression of the clinical signs (30) , presence of clinical and laboratory signs of adrenal insufficiency (17, 22) , and reversal of the clinical stigmata (31) . Clinical parameters were never used alone to define remission; clinical evaluation was always combined with serum cortisol, UFC, and/or LDDST biochemical tests ( Table 1 ). The most frequently used biochemical tests were serum cortisol and serum cortisol combined with UFC. When defined, serum cortisol levels were assessed only in the morning.
Where remission was defined using biochemical tests including morning cortisol levels, a variety of morning cortisol cut-off was used. Although these ranged from 50 to 275.9 nmol/l, the cut-off of 50 nmol/l was most consistently used when morning serum cortisol was measured without any other biochemical assay to define remission. Among the 18 studies using morning cortisol in definitions of remission, the cut-off was not stated in one study (25) and only a 'normal range' was used as the definition in another study (32) . A positive correlation was observed between the morning cortisol cut-off values and remission rates, with higher remission rates reported with less stringent cut-off values for morning cortisol (rZ1.0, P!0.05; albeit data for cut-off values of 100, 220, and 275.9 nmol/l were each reported in only one study).
In total, 22 studies reported remission using biochemical assays only and 16 used a combination of clinical and biochemical endpoints (Table 1) . Despite the variety of biochemical assays used, similar remission rates were reported across the studies. Remission rates of 77.0% were achieved for those using biochemical assays only (2014/2614 patients; range 52.1-96.6%) and 79.5% for those using a combination of clinical and biochemical endpoints (1428/1796 patients; range 65.0-88.6%). An overall remission rate of 78% was calculated (Fig. 2) .
With regard to the additional comparisons, similar rates were reported for early remission (%6 months) and late remission (O6 months). Six studies reported both early and late remission rates (6, 27, 34, 40, 42, 44, 47) , with an early remission rate of 75.6% (476/639 patients; range 66.7-89.0%) compared with a late remission rate of 72.3% (342/473 patients; range 50.0-96.9%; PZnot significant (NS)). The effect of tumor size on remission outcomes of initial microscopic TSS was available from 18 and 16 studies for microadenomas and macroadenomas respectively. A significantly higher remission rate (82.2%; 1203/1463 patients; range 46.5-94.0%) was achieved in patients with microadenoma compared with those with macroadenoma (60.1%; 187/311 patients; range 17.0-91.7%; P!0.01). The duration of follow up for identification of remission rates ranged from 13 to 96 months, with 25 studies following patients for between 37 and 72 months (Table 1) . Remission rates did not vary significantly with length of follow-up, although a slight downward trend in remission rate by duration of followup could be observed (rZK0.12; PZNS; Fig. 3 ). With regard to outcomes analyzed by surgical experience, the highest remission rate (96.6%) was achieved when 36-40 patients were operated per year of study duration (Fig. 4) , with a slight upward trend in remission rates observed with increasing surgical experience (evaluated by patient numbers/year) (rZ0.37; PZNS). No change in remission rate was observed by decade of publication date (rZK0.2; PZNS). Most articles (28) were published between 2001 and 2010, with remission rates ranging from 65.0 to 96.6% (Table 1) . Three articles published between 1980 and 1990 gave remission rates of 84.9-92.4%, and eight published between 1991 and 2000 gave remission rates of 52.1-87.0% (Table 1) .
Of note, most studies reported the rate of patients who did not meet the set criteria for remission following initial TSS (often defined as persistent disease). Persistence rate www.eje-online.org 
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www.eje-online.org was variable and ranged from 3.4 to 35.0%, with a mean rate of 21.9%; one study (28) reported a persistence rate of 39% for macroadenoma, reflecting the poorer outcomes observed with larger tumors.
Recurrence rates
A more limited variety of definitions of recurrence than of remission of Cushing's disease after initial microscopic TSS is used in the literature. As with remission, clinical parameters (reappearance of signs and symptoms) were never used alone to define recurrence; clinical evaluation was combined with serum cortisol, UFC, and/or LDDST biochemical tests. The most frequently used biochemical test was the assessment of 24-h UFC level. When used, the serum cortisol test was mostly performed in the morning; midnight cortisol level was assessed only in two studies, including one using either serum or saliva. In total, seven studies reported recurrence using biochemical assays only and ten used a combination of clinical and biochemical endpoints (Table 1) . Recurrence rates of 15.7% (128/815 patients) and 14.4% (81/561 patients) were reported, respectively, with a range of 11.5-47.4% for those using biochemical assays only and 
Figure 3
Patient follow-up after TSS.
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www.eje-online.org 5.0-20.8% for those using a combination of clinical and biochemical endpoints. An overall recurrence rate of 15.2% was calculated (Fig. 5) , with a mean time to recurrence (from the 23 studies in which this was reported) being 50.8 months (range 3-158 months) (Table 1) . Interestingly, the combination of UFC with LDDST resulted in lower recurrence rates compared with UFC alone regardless of whether recurrence was defined using biochemical assays only (5.8% for UFC alone vs 11.5% for UFC with LDDST) or clinical parameters and biochemical assays (16.2% for UFC alone vs 11.2% for UFC with LDDST) (Fig. 5) . This was also observed with UFC combined with serum cortisol vs UFC alone when clinical parameters and biochemical assays were used to evaluate recurrence (14.4% vs 16.2% respectively; Fig. 5 ).
The effect of tumor size on recurrence outcomes after microscopic TSS was available from 11 articles. As with remission, slightly better outcomes were seen with microadenomas than with macroadenomas; a slightly higher but not statistically significant recurrence rate (17.6%; 19/108 patients; range 0.0-80%) was reported in patients with macroadenomas compared with those with microadenomas (13.4%; 101/752 patients; range 2.0-35%). The duration of follow-up for identification of recurrence rates ranged from 13 to 96 months in 32 studies and recurrence rates did not vary with length of follow-up (PZNS ; Table 1 ): a rate of 12.1% was found for five studies with a follow-up of 13-36 months, and a rate of 11.2% was found for four studies with a follow-up of 85-96 months. 
Figure 4
Surgical experience in Cushing's disease. Recurrence rates by type of assessment. Data are represented as mean recurrence rate (95% CIs) for any type of assessment (dotted line) and by each type of assessment.
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With regard to the outcomes analyzed by surgical experience, the highest recurrence rate (13.6%) was seen when ten or fewer patients were operated per year of study duration (in 18 studies), while the lowest rate (6.7%) was seen when 31-40 patients were operated per year of study duration (rZK0.3; PZNS; albeit these data are from only two studies (29, 48) ). In contrast to remission, a trend toward an increase in recurrence rate could be noted over time, with the upper limit of recurrence rate ranges increasing steadily by decade of study publication, suggesting poorer outcomes or better reporting of recurrence rates (rZ0.8; PZNS; Table 1 ). For the decade 1980-1990, the rate range was 2.2-9.3%, for 1991-2000 it was 0.0-17.0%, and for 2001-2010 it was 2.3-24.4; the most recently published studies (from 2011 to 19th October 2012) had a recurrence rate range of 6.7-47.4% (Table 1) .
Safety
Of the 43 articles included in the systematic review, 32 reported whether the TSS procedure resulted in complications (with details provided in 30 of the publications).
From those with details, adverse events (AEs) related to surgery were reported in 18.4% of patients (1179/6397 patients). The most common were results of abnormal hormonal states (e.g. hypocortisolism (of note, may not necessarily be considered as an AE but as a sign of efficacy), hypogonadism, syndrome of inappropriate antidiuretic hormone secretion), with 429 incidences reported in a total of 2491 patients (17.2%; range 0-99). In addition, there were 316 cases of diabetes insipidus (9.4%; range 0-75). A total of 130 cases of cerebrospinal fluid leakage were also reported (4.5%; range 0-13.1). Less commonly, there were 47 reports of meningitis (1.9%; range 0-7.9) and 19 cardiovascular complications (1.2%; range 0.0-7.6); 177 other AEs were reported (including visual disturbance, other infection, nasal discharge/bleeding, cacosmia (i.e. perception of a malodorous smell when none exists), fat and/or fascia lata grafting, hematoma at graft site, cranial nerve palsy, epistaxis, septal perforation, blocked lacrimal duct, mesenteric infarction, numbness associated with maxillary fracture, perforated sigmoid diverticulum). Interestingly, there was a trend toward or even a negative correlation between the number of patients developing AEs after initial TSS and the center's surgical experience, with fewer complications reported with increasing surgical experience (hypoendocrine state: rZK0.29, PZNS; diabetes insipidus: rZK0.54, P!0.05; cerebrospinal fluid leakage: rZK0.74, P!0.001; meningitis: rZK0.54, P!0.05; and cardiovascular complications: rZK0.51, PZNS).
Deaths occurred mostly during the follow-up period and were reported in 19 studies. Overall, the mortality rate was relatively low (1.7%; range 0.0-18.1%); there was no correlation with remission rate or the center's surgical experience. Six studies reported deaths related to surgery (defined as 'complications during operation or occurring within 1 month following surgery'); the mean perioperative mortality rate was 1.5% (20/1340 patients; range 1.0-1.9%).
Discussion
This systematic analysis of the outcomes of initial microscopic TSS for Cushing's disease reveals noteworthy results of relevance to healthcare providers involved in the management of patients with Cushing's disease. As previously reported, remission rates were higher in patients with microadenomas vs macroadenomas and recurrence outcomes were worse in patients with macroadenomas compared with microadenomas (6). Interestingly, duration of follow-up had no influence on recurrence rates in our analysis, while it has been previously reported that the risk for recurrence increased with long-term follow-up (51) . This suggests that certain types of tumor may be more aggressive than others and may recur early during the follow-up period. Conversely, less aggressive tumors would recur later. The factors that may trigger early or late recurrence are so far unknown. Improved outcomes could be suggested with improved surgical experience. Our finding that surgical experience does not have a significant influence on remission rates conflicts with previous reports (6, 15) , but may reflect publication-to-publication differences in assessing this parameter (e.g. those centers with small number of patients with Cushing's disease may operate a larger number of patients with other pituitary tumors, thereby being highly qualified). In addition, the number of operations per individual surgeon was not available in most studies, although it better reflects the impact of surgical experience on the final outcome. Of note, however, we did find a correlation between greater surgical experience and improved safety outcomes.
Our systematic review was restricted to studies using microscopic TSS; however, TSS can also be performed endoscopically. A review of the outcomes of endoscopic TSS in Cushing's disease revealed similar outcomes to those achieved by the conventional microscopic technique (14) . A remission rate of 77% (defined
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www.eje-online.org biochemically) was reported; this compares with a rate of 87% found in our review of microscopic TSS. Tumor size was also an important predictor of outcome after endoscopic TSS: only 14% of patients in remission had macroadenomas, while macroadenomas were confirmed in 25% of patients with unsuccessful initial endoscopic surgery (14) . The most commonly used biochemical assays to determine remission in the studies included in this review were assessment of morning serum cortisol level alone or combined with UFC level; recurrence was most commonly measured biochemically using morning serum cortisol with UFC, UFC alone, or UFC with LDDST. The type of biochemical assay used seemed to influence recurrence rates, while remission rates did not differ markedly. These differences may be explained by variability in the cut-off thresholds used for each biochemical assay. Most of these assessments are included in the first-line screening tests used in the diagnosis of Cushing's disease (24) , and thus reflect current common practice for assessing the disease state. However, a variety of assessments and methods was used to determine the outcomes; this may have contributed to the broad ranges of remission (52.1-96.6%) and recurrence (5.0-47.4%) observed. Despite the fact that the criteria for remission and recurrence varied, all of those used are widely accepted and included in current guidelines (7) . Of note, none of the studies included in this systematic review used salivary cortisol to evaluate recurrence in patients with Cushing's disease following TSS, despite the increasing scientific evidence that latenight salivary cortisol is a simple and noninvasive biomarker that may be more reliable than UFC (60) .
The evidence from this review is strengthened by recent data. Tritos et al. (13) reported a maximum rate of remission of 99%; similarly, we found a maximum reported rate of 96.6%. However, these maximum rates of remission can be considered to be overestimations of the true outcomes of Cushing's disease after initial microscopic TSS, because the potential for relapse remains high. In this review, the reported rates of recurrence ranged from 5.0 to 47.4%; similarly, rates of 5-36% were also reported in a recent publication (61) . The wide range of rates of remission and recurrence observed highlight the fact that statistics for treatment outcomes are dependent on the criteria used to define those outcomes.
Limitations
Although we established pre-selected criteria for inclusion of studies in our review, most of the studies included were retrospective, and we have not confirmed the data extracted with the principal investigators of the studies included. We only included large series in our review; exclusion of studies including !40 patients may have skewed the results in favor of positive outcomes as a result of surgical experience. Finally, no formal assessment of risk of bias in this study, including of publication bias, is a limitation.
This review reveals the variety of study designs and methods used in the clinical evaluation of TSS outcomes in Cushing's disease and confirms the better outcomes (higher remission, lower recurrence) achieved with microadenomas vs macroadenomas. Similar outcomes have been reported by other studies, and our findings thus add to the body of evidence suggesting that a consensus should determine the most appropriate definitions of remission and recurrence, the best biochemical assays to determine these outcomes, and the most patient-relevant time to assess remission of disease.
As with other reports, clinically significant rates of failure of initial TSS were recorded, highlighting the need for effective second-line therapies. A number of interventions are available if initial TSS fails. However, none is ideal. With repeat TSS, remission rates are lower than with first surgery and reoperation carries a significant higher risk of pituitary insufficiency (6) . Radiotherapy may lead to remission in approximately half of patients within 5 years, but also impairs normal pituitary function (6) . Most radically, bilateral adrenalectomy provides a definitive cure of disease. However, it results in permanent hypoadrenalism, which requires life-long glucocorticoid and mineralocorticoid replacement therapy, and carries the risk of Nelson's syndrome. Medical therapy of Cushing's disease is also an option after surgical failure. Traditionally, most pharmaceutical interventions were directed to the adrenal gland. Recently pituitary-directed medical therapies are being developed for adults with Cushing's disease in whom pituitary surgery is not an option or has not been curative.
In conclusion, this systematic review highlights the need for standardization of definitions of remission and recurrence and the methods of determining these outcomes. With standardized and optimized methodology, clinical trial results can be confidently compared to inform clinical practice and maximize patient outcomes.
